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Introduction
B-cell development in humans and mice begins in the bone marrow where it is intimately linked with the orderly rearrangement of variable (V), diversity (D) and joining (J) gene segments encoding the immunoglobulin heavy chain, and the V and J gene segments encoding the immunoglobulin light chain. 1 Rearrangement of the heavy chain locus precedes rearrangement of the light chain locus, and a critical developmental step in B-cell ontology is the assembly of the nascent m heavy chain polypeptides with the surrogate light chain proteins VpreB and λ5 within the pre-B-cell receptor (pre-BCR). [2] [3] [4] Expression and signaling through the pre-BCR is necessary for further B-cell development and mice defective in many of the component genes encoding the pre-BCR, therefore, show a developmental arrest at the pre-B-cell stage. [5] [6] [7] The human genome includes three VpreB genes. VpreB1 and VpreB2 appear to be the major family members associated with cell surface pre-BCR complexes. 4 Very little is known about the expression and function of VpreB3 due, in part, to the lack of a VpreB3-deficient mouse. 4, 8, 9 It has been discussed whether VpreB3 has a role in the chaperoning and/or assembly of pre-BCR complexes prior to surface expression since VpreB3 has been detected in association with m heavy chain within the endoplasmic reticulum but not at the cell surface of pre-B-cell lines. 10 Nevertheless, the major biological functions of VpreB3 during B-cell development remain to be established, and whether VpreB3 protein is expressed or has biological roles beyond early B-cell development is unknown.
Burkitt lymphoma (BL) is an aggressive B-cell tumor of germinal center cell origin. By definition BL harbors, usually as an isolated karyotypic abnormality, a chromosomal translocation involving the c-MYC locus that results in dysregulated expression of the c-Myc protein. 11, 12 In routine surgical pathology practice, the most common differential diagnosis for BL is diffuse large B-cell lymphoma (DLBCL) -a more frequent tumor of mature B cells that only rarely harbors a c-MYC translocation. Although the distinction between BL and DLBCL can often be made based on morphological and immunophenotypic features alone, no single phenotypic marker can uniformly distinguish these two tumor types and ambiguous cases are often encountered. 13 Nevertheless, the proper classification of a tumor as BL or DLBCL is of paramount importance, as these tumors exhibit distinct biological behaviors and are treated with different chemotherapeutic regimens. 11, [14] [15] [16] Recently, it has become apparent that rare cases of DLBCL lacking the morphological and/or immunophenotypic features of BL can harbor a c-MYC translocation (MYC + DLBCL). 17 These tumors respond poorly to conventional, DLBCL-based chemotherapeutic regimens and might, therefore, be considered for BL-type regimens in the future. 18 Taken together, these data raise the question of whether all B-cell lymphomas with intermediate to large cell morphology and a high proliferation fraction should be screened for a c-MYC abnormality, despite the rarity of the genetic lesion. The development of an immunohistochemical assay that is highly sensitive for tumors with a c-MYC translocation could prove a useful method to prevent unnecessary genetic testing for the majority of aggressive B-cell lymphomas.
Here we used a novel anti-VpreB3 antibody to study the expression pattern of VpreB3 protein in normal lymphoid tissues and human B-cell malignancies.
Design and Methods

Antibodies, immunohistochemistry and evaluation
Three affinity-purified polyclonal antibodies raised against specific regions of the human VpreB3 protein were evaluated in frozen and formalin-fixed, paraffin-embedded tissue sections of human reactive tonsils. Only one antibody (raised against a protein sequence covering the immunoglobulin domain of VpreB3) was selected for this study based on its reactivity in paraffinembedded tissue sections and background-free staining using both manual and automated immunohistochemistry protocols. [22] [23] [24] Specificity of the antibody was confirmed by western blotting using protein lysates of the BL-derived cell lines Ramos and Daudi (Online Supplementary Figure S1E) , previously shown to contain VpreB3 transcripts. 8 Of the remaining two antibodies, one did not show tissue reactivity and the other labeled only plasma cells and was, therefore, excluded. Optimal immunohistochemical staining was obtained at 1:25 dilution and using a heat-induced epitope retrieval protocol with an EDTA-based solution. Details of the reagent used in this study are available on request to the corresponding author. Single and double immunohistochemistry were performed using protocols described previously.
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Cell lines and western blotting
Paraffin-embedded cell pellets of human lymphoma-derived cell lines were studied for VpreB3 expression by conventional immunohistochemistry following a protocol described elsewhere. 22 The investigated cell lines included the DLBCL lines OCILy3 and OCI-Ly10 (from Dr. R.E. Davis, Center for Cancer Research, NCI, Bethesda, USA); the follicular center lymphoma line FL-18 and the BL line Daudi (both provided by the Sir William Dunn School of Pathology, Oxford, UK); two other BL lines, Namalwa and Ramos, were obtained from the collection of the authors (JCP and TM), the T lymphoblastic leukemia line CCRF-CEM was a gift from Prof. E. Macintyre (Hôpital Necker-Enfants Malades, Paris, France). Protein extracts from some of the aforementioned cell lines were subjected to western blotting analysis following a protocol previously described. 23 An anti-β-actin antibody (ab6276, Abcam, Cambridge, UK) was used as a control for protein loading.
Case selection
The samples of neoplastic lymphoid tissues comprised 635 B-, T-and Hodgkin's lymphomas from the authors' (SAP, LKT, MAP, TM) case files, the British Columbia Cancer Agency, and Brigham & Women's Hospital and were analyzed with respective institutional review board approval. The original diagnoses were based on the combined morphological, phenotypic and cytogenetic features of the tumors and defined according to the World Health Organization (WHO) classification system. 11, 25 Patients with endemic BL (of Ugandan origin) ranged in age from 2 to 32 years with a median age of 8 years. Patients with sporadic BL ranged in age from 7 to 80 years with a median age of 42 years. All DLBCL samples were from adult patients. Among the cases analyzed, there are four that were originally classified as "atypical Burkitt lymphoma" and one case originally classified as "Burkitt-like lymphoma" according to the 2001 WHO criteria. 25 Each of these cases were subsequently classified as "B-cell lymphoma, 
Classification and analyses of diffuse large B-cell lymphomas
DLBCL cases from Brigham & Women's Hospital (n=50) were subclassified into cell-of-origin and comprehensive consensus cluster groups by gene expression profiling analysis as previously described.
26,27 DLBCL cases from the British Columbia Cancer Agency (n=127) were subclassified into cell-of-origin groups using immunohistochemistry as previously described. 28 Translocations and polysomy involving c-MYC were identified using a fluorescent in situ hybridization "break-apart" probe-set from Vysis/Abbott (Abbott Park, IL, USA). A subset of cases was screened for c-MYC polysomy by a chromogenic in situ hybridization technique in collaboration with Ventana Medical Systems (Roche Diagnostics). For each case at least 50 nuclei were counted and at least 5% of the nuclei had to show an abnormal hybridization signal to be considered positive for a c-MYC translocation or polysomy. There were no statistically significant differences in the overall proliferation rate (based on Ki67 staining) among DLBCL cases grouped according to c-MYC status (data not shown). Statistical analyses were performed using Student's T-test and GraphPad software (La Jolla, CA, USA). Figure S1E) showed a strong band of the expected size of VpreB3 (13 kDa). OCI-Ly3, OCI-Ly10 and CCRF-CEM lymphoma-derived cell lines were negative. A weak band of the expected size was observed in the other BL-derived line Daudi. These findings show that the antibody recognizes a single protein of the expected size for VpreB3 in a subset of B-cell lymphomaderived lines, including lines previously shown to express the VpreB3 transcript. 
Results
Expression of VpreB3 in hematopoietic cell lines
Expression of VpreB3 in hematopoietic and lymphoid tissues
Immunohistochemical analysis of formalin-fixed, paraffin-embedded bone marrow trephine biopsies revealed only occasional VpreB3 + lymphoid cells ( Figure  1A ). Figure 1A , inset). Early and mature erythroid and myeloid cells and megakaryocytes were negative for VpreB3.
We next examined VpreB3 expression in secondary lymphoid organs. In the tonsil, VpreB3 positivity was observed in cells populating both the light and dark zones of germinal centers ( Figure 1B) , although the greatest number of positive cells were concentrated in the proliferative dark zone corresponding to approximately 50% of all cells. Morphologically, the VpreB3 + cells comprised both centroblasts and centrocytes ( Figure 1B, inset) . In the mantle zones, only occasional lymphoid cells showed weakly positive staining; furthermore, only rare positively-stained lymphocytes were found in the T-cell-rich interfollicular areas.
In the spleen, VpreB3 expression was predominantly confined to the white pulp, labeling germinal center B cells and scattered cells in the mantle and marginal zones ( Figure 1C ). Little to no staining was found in the red pulp.
Taken together, these data indicate that VpreB3 is expressed by immature lymphoid cells of B lineage within the bone marrow and, unexpectedly, by a subset of mature lymphocytes, most frequently those within reactive germinal centers of secondary lymphoid organs.
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VpreB3 is expressed by mature germinal center B cells
We next examined the phenotype of VpreB3-expressing cells localized to germinal centers. Double immunolabeling showed that a subpopulation of VpreB3 + cells in germinal centers co-express the germinal center markers CD10, BCL6, HGAL, LMO2 ( Figure 1D -G, respectively), LRMP1/Jaw1 and GCET1 (data not shown). 23, [29] [30] [31] VpreB3 + cells rarely co-localized with the post-germinal center cell markers MUM1/IRF4 and BLIMP1 ( Figure 1H-I) . 32 These findings demonstrate that VpreB3 expression is characteristic of a subset of mature, germinal center B-cells. Figure S2) . 19, 20 This finding prompted us to examine VpreB3 protein expression in a cohort of BL cases. VpreB3 expression was 100% sensitive for BL cases, being found in all 44 screened BL cases (of both endemic and sporadic origin) (Figure 2A-B Figure 2C , Table 1 ). In contrast, among 173 cases of MYC -DLBCL, 34 cases (20%) showed VpreB3 protein expression. The difference in VpreB3 expression between these two groups is highly significant (P<0.01) and suggests either a direct or indirect a role for c-Myc in the expression of VpreB3 in this tumor type.
VpreB3 expression in Burkitt lymphoma and diffuse large B-cell lymphoma with c-MYC translocations
Data from gene expression profiling (GEP) studies have shown that high levels of VpreB3 transcript are characteristic of tumors carrying the pathological diagnosis of BL and bearing an IgH-cMYC fusion (Online Supplementary
Correlation between VpreB3 expression and c-MYC polysomy in diffuse large B-cell lymphoma
We next explored whether the 34 VpreB3 + DLBCL that lacked a c-MYC translocation shared any genetic or phenotypic features that would distinguish them from VpreB3 -DLBCL. Intriguingly, 25 of the 34 cases (74%) showed polysomy for the c-MYC locus as determined by fluorescent or chromogenic in situ hybridization (Table 1, Figure 2D -E). These VpreB3 + cases represented 33% of all DLBCL with more than two copies of c-MYC (Table 1 ). In the vast majority, c-MYC was present in three or four copies per cell. In contrast, among cases without a c-MYC abnormality, only 9% (9/98 cases) expressed VpreB3, a difference that was statistically significant (P<0.01). We, therefore, conclude that, in addition to its association with a c-MYC translocation, VpreB3 expression is associated with increased c-MYC copy number in a minority of cases.
Correlation between VpreB3 expression and the cell of origin in diffuse large B-cell lymphomas
DLBCL may be subdivided by transcriptional profiling according to their cell of origin into germinal center B-cell (GCB) or non-GCB types. 26 The expression of VpreB3 in a subset of normal GCB led us to investigate whether or not VpreB3 + DLBCL would preferentially fall into the GCB category. By sorting the cohort of DLBCL cases according to their cell of origin, we found increased VpreB3 expression among tumors classified as GCB (29/65 cases, 45%, Table 2 ) relative to non-GCB (15/101 cases, 15%, Table 2 ) -a difference of statistical significance.
This analysis was, however, complicated by the observation that DLBCL cases with a c-MYC translocation or with c-MYC polysomy were more frequently of the GCB subtype (Table 2) . Nevertheless, among the DLBCL of GCB type, VpreB3 was expressed by 91% of cases with a c-MYC translocation, 52% with c-MYC polysomy, and 21% without a c-MYC abnormality (Table 2 ). These differences are statistically significant and indicate that VpreB3 expression correlates with c-MYC status among DLBCL of the GCB subtype. Similarly among the non-GCB DLBCL, VpreB3 was expressed by 67% of cases 
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with a c-MYC translocation, 23% with c-MYC polysomy and 5% without a c-MYC abnormality (Table 2 ). These differences are also statistically significant (P<0.05) and indicate that VpreB3 expression correlates with c-MYC status among DLBCL of non-GCB type. Given that we found only three non-GCB DLBCL with a c-MYC translocation (Table 2) , some of these results will need to be validated in additional, larger cohorts. We did not find an association between VpreB3 expression and the subclassification of DLBCL by the comprehensive consensus cluster scheme (data not shown). 27 The above data suggest that, independently of c-MYC status, the differentiation state of the DLBCL can contribute to VpreB3 expression in a minority of cases.
Correlation between VpreB3 expression and c-Myc transcript abundance
Our analyses (Table 1) Figure S3 ; data not shown). The lack of correlation between VpreB3 expression, determined by immunohistochemistry, and c-Myc transcript abundance, determined by GEP, in our cohort of DLBCL might be due to small differences in gene expression levels within this group, which are not optimally quantified by GEP, as well as to the limited sample size. This analysis contrasts with the markedly elevated c-Myc transcript levels that are consistently seen in BL when large cohorts of BL are directly compared to DLBCL by GEP (Online Supplementary Figure S2) . Thus, to the limits of the sensitivity of our assay, we did not find a correlation between VpreB3 and c-Myc transcript levels which is independent of the tumors' genetic status.
VpreB3 expression and clinical outcome in patients with diffuse large B-cell lymphoma
The potential prognostic value of VpreB3 was analyzed in DLBCL. For this analysis we included a separate cohort of cases (different from those studied by GEP) but for which clinical outcome data were available. No significant difference in overall survival was found between patients with VpreB3
+ and VpreB3 -tumors treated with a standard chemotherapeutic regimen (R-CHOP, Online Supplementary Figure S4 ).
VpreB3 expression in additional lymphoma types
Staining for VpreB3 was extended to a broader survey of non-Hodgkin and Hodgkin lymphomas. Among small Bcell lymphomas the tumor with the highest percentage (40%) of VpreB3 expression was B-cell acute lymphoblastic leukemia (4/10 cases, Figure 2F ; Online Supplementary  Table S2 ). The findings suggest that although VpreB3 is expressed by immature B cells (Figure 1) , VpreB3 is not a universal marker of B-cell acute lymphoblastic leukemia (at least to the limits of the sensitivity of our antibody). VpreB3 expression was also observed in a minority of other mature B-cell neoplasms including primary mediastinal large B-cell lymphoma, mantle cell lymphoma, and chronic lymphocytic leukemia (Online Supplementary Table  S2 ). An analysis of VpreB3 and c-Myc transcript levels in primary mediastinal large B-cell lymphoma did not reveal coordinate regulation of these genes in this tumor type (Pearson's correlation coefficient=0.164, sig.=0.354; Online
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Supplementary Figure S3B) . Similarly, an examination of the published mantle cell lymphoma and chronic lymphocytic leukemia GEP data failed to show an overt correlation between VpreB3 and c-Myc transcript abundance in these tumor types (data not shown).
Discussion
The expression and biological roles of VpreB3 in normal B-cell development remain poorly characterized. Initial data indicated that VpreB3 is an important member of the pre-BCR complex in precursor B cells. 8, 10 However, recent expression profiling studies detected VpreB3 transcripts in mature B cells and derived tumors. 6, 19, 20 In this study we show that VpreB3 is expressed by a subset of GCB as also demonstrated by its co-expression with germinal centerassociated molecules i.e. BCL6, GCET1, HGAL, LMO2, and LRMP1/Jaw1 and absent in post-germinal center cells The evidence that VpreB3 transcripts were detected in BL (Online Supplementary Figure S1 ) 19, 20 prompted us to study the diagnostic usefulness of VpreB3 protein expression in BL. VpreB3 was universally expressed by BL of both endemic and sporadic origin indicating that its immunohistochemical detection serves as a relevant marker of BL. Moreover, our observation that all five cases classified as intermediate DLBCL/BL and harboring a c-MYC translocation were positive for VpreB3, points to VpreB3 as being a useful molecule for identifying this type of tumor.
Unexpectedly, we found that 26% of DLBCL express VpreB3 (Table 1) . Further analyses of this heterogenous group of tumors revealed that VpreB3 identifies the majority of cases of DLBCL harboring a c-MYC translocation as well as a minority of DLBCL with polysomy for c-MYC and a minority of DLBCL of GCB origin (Table 2) . Despite these associations, we did not find a general correlation between VpreB3 and c-Myc transcript levels in DLBCL or other B-cell tumors by GEP which was independent of an underlying genetic abnormality in c-MYC (Online Supplementary Figure S3) .
Collectively, our findings have several implications. First, the presence of VpreB3 in cases classified as intermediate DLBCL/BL and in the majority of DLBCL harboring a c-MYC translocation suggests that at molecular level these tumors resemble BL. 19, 20 Second, the association between VpreB3 expression and a subset of DLBCL with c-MYC polysomy raises the possibility that, in a minority of cases, increased c-MYC copy number may partially recapitulate the genetic program of tumors with a c-MYC translocation. 33 Third, our inability to find a direct correlation between VpreB3 and c-Myc transcript abundance in tumors lacking c-MYC genetic abnormalities (Online Supplementary Figure S3) suggests that the expression of VpreB3 may not be directly regulated by the c-Myc protein itself but the result of a broader dysfunctional genetic program in tumors harboring a c-MYC aberration. Further studies are needed to delineate the molecular mechanisms underlying the expression of VpreB3 in these tumors.
We did not find VpreB3 expression to be a prognostic marker among patients with DLBCL treated with R-CHOP. This result can be explained by the modest specificity of VpreB3 as a marker of an underlying c-MYC translocation (specificity=80% ; Table 3 ). Rather, the utility of VpreB3 as a novel biomarker is suggested by its extremely high negative predictive value (0.98) for an underlying c-MYC translocation in aggressive B-cell tumors, and advocates VpreB3 staining as a very useful screening test applicable to the clinical setting (Figure 3) . BL, intermediate DLBCL/BL, and DLBCL with a c-MYC translocation are all rare tumors (each <3% of all nonHodgkin lymphomas) 11, 18 and thus by limiting genetic testing to only those cases that show VpreB3 expression (as revealed by immunohistochemistry), unnecessary and costly genetic analysis can be avoided (Figure 3 ). This is especially true for c-MYC + DLBCL, which can be morphologically and phenotypically indistinguishable from c-MYC -DLBCL, yet show an inferior response to conventional chemotherapy. 17 Finally, due to the expression of VpreB3 in a minority of low-grade B-cell lymphomas that usually do not harbor c-MYC translocations, the diagnostic utility of this marker is best considered only in the context of aggressive intermediate-and large-sized B-cell lymphomas in which an underlying c-MYC abnormality might occur.
The power of expression profiling studies in human tumors lies in the identification of genes that are associated with their stage of development. 21 The biological roles of many of these gene products in influencing tumor growth and survival remain unknown. We show here that VpreB3 expression by precursor B cells and B-cell acute lymphoblastic leukemia is in keeping with its postulated role in B-cell development. However, the novel aspect of our findings that opens the possibility for further molecular studies is the observation of VpreB3 expression by a subset of GCB and some mature B-cell neoplasms, but most strikingly its expression in BL. The detailed examination of VpreB3 + DLBCL suggests that VpreB3 expression is driven, if indirectly, by c-MYC dysregulation. In conclusion, the immunohistochemical detection of VpreB3 can represent a useful screening test for identifying aggressive B-cell malignancies that potentially harbor a c-MYC translocation and therefore warrant additional genetic testing. 
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